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Introduction {#sec006}
============

Hepatotoxicity was first noted as a complication of 6-thioguanine (6TG) treatment in the late 1970s \[[@pone.0212157.ref001]\] and has since been described in the form of sinusoidal obstruction syndrome (SOS) in childhood acute lymphoblastic leukaemia (ALL) \[[@pone.0212157.ref002]--[@pone.0212157.ref004]\] and nodular regenerative hyperplasia (NRH) in both inflammatory bowel disease (IBD) \[[@pone.0212157.ref005]\] and childhood ALL. \[[@pone.0212157.ref006]\] This reflects that SOS and NRH possibly represent a spectrum of related hepatic microvascular disorders spanning acute onset to chronic manifestation, although the underlying cellular mechanisms that connect them remain to be established [Fig 1](#pone.0212157.g001){ref-type="fig"}. \[[@pone.0212157.ref007]--[@pone.0212157.ref009]\]

![The pathophysiology of sinusoidal obstruction syndrome.\
The presumed pathophysiological mechanism underlying sinusoidal obstruction syndrome is a drug-mediated damage to sinusoidal endothelial cells, causing swelling and loss of fenestration. This allows red blood cells to enter the space of Disse and dissect off the endothelial lining. The sloughed off cells embolise downstream and cause obstruction of the hepatic microcirculation and consequently hepatocellular necrosis. \[[@pone.0212157.ref007]\] These pathophysiological changes lead to the clinical symptoms: jaundice, tender hepatomegaly, ascites and fluid retention. Figure by Linea Natalie Toksvang.](pone.0212157.g001){#pone.0212157.g001}

The development and severity of 6TG-induced hepatotoxicity appear to be dose-related, and rarely occurs at low cumulative doses. \[[@pone.0212157.ref010],[@pone.0212157.ref011]\] Hence, a non-systematic review from 2013 focusing on IBD patients reported NRH in 0--53% of patients at 6TG doses of 12--58 mg/m^2^/day (20--100 mg/day) with no cases reported with 6TG doses below 12 mg/m^2^/day. \[[@pone.0212157.ref005]\] A meta-analysis from 2011 analysed 6TG treatment in childhood ALL and reported a seven-fold increased incidence of SOS in two of three randomised controlled trials (RCTs), in which patients received 6TG at doses of 40--60 mg/m^2^/day instead of 6-mercaptopurine (6MP) during maintenance treatment. \[[@pone.0212157.ref012]\]

Overall survival for childhood ALL now exceeds 90%; \[[@pone.0212157.ref013]\] however the poor prognosis following relapse still remains a major challenge. \[[@pone.0212157.ref014]\] Thus, although a number of novel anti-leukaemic treatment options, including immunotherapy, have emerged in recent years, their role in first line therapy remains uncertain. \[[@pone.0212157.ref013]\] Therefore, it is important to explore possible improvements with the use of the traditional anti-leukaemic agents, including thiopurines. The theoretical pharmacological advantages of 6TG over 6MP include a more direct intracellular activation pathway, higher potency, and shorter duration of exposure necessary for cytotoxicity. The cytotoxic effect of 6TG and 6MP is ascribed to the metabolite thioguanine nucleotides (TGN), which are incorporated into DNA and RNA as false purine bases as well as inhibiting de novo synthesis of purines. \[[@pone.0212157.ref003],[@pone.0212157.ref015]\] Red blood cell (RBC) levels of TGN (ery-TGN) have been assumed to reflect treatment intensity and adherence. An ery-TGN level of more than 230--260 pmol/8·10^8^ RBC has been associated with therapeutical response in IBD patients. However, the association between metabolite levels, efficacy, and adverse events remains uncertain. \[[@pone.0212157.ref016]\] It was recently demonstrated that ery-TGN correlate with TGN incorporated into leucocyte DNA (DNA-TGN). Furthermore, higher levels of DNA-TGN correlate with a lower relapse risk in childhood ALL. \[[@pone.0212157.ref017]\] This finding calls for a reassessment of the feasibility of prolonged 6TG treatment for childhood ALL, while avoiding the risk of severe hepatotoxicity.

The primary objective of this systematic review was to assess the incidence of hepatotoxicity in IBD and childhood ALL patients treated with 6TG compared to 6MP or standard of care. The secondary objective was to explore if a safe dose of 6TG can be established.

Methods {#sec007}
=======

We conducted this systematic review in accordance with the Cochrane Handbook \[[@pone.0212157.ref018]\] and Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. \[[@pone.0212157.ref019],[@pone.0212157.ref020]\] The systematic review protocol was uploaded to the International Prospective Register of Systematic Reviews (PROSPERO) before the literature search was conducted (registration number CRD42018089424), and is presented in [S1 Appendix](#pone.0212157.s001){ref-type="supplementary-material"}. Furthermore the protocol has been published on protocols.io ([dx.doi.org/10.17504/protocols.io.zjnf4me](https://dx.doi.org/10.17504/protocols.io.zjnf4me)). The review authors were not blinded to the journal titles, study authors or institutions. In case of insufficient reporting, study authors were contacted for additional information. We sought to avoid double counting by juxtaposing author names, location, setting, and sample sizes.

Eligibility criteria {#sec008}
--------------------

We included RCTs, controlled clinical trials including quasi-randomised trials, observational studies (e.g. prospective and retrospective cohort studies, case-control, and cross-sectional studies), case series, and case reports in which patients at any age were treated with 6TG. We excluded studies investigating 6TG as part of an intensive chemotherapy regimen. Since most studies using 6TG for an extended period of time either as monotherapy or as part of maintenance treatment are within the field of IBD and ALL, we chose to limit the review to these two disease populations. We compared 6TG treatment to 6MP or standard of care (other non-6TG treatment regimens). We included studies published between 1998 and March 2018. We made no restrictions regarding timing, type of setting or language.

Information sources {#sec009}
-------------------

We systematically searched PubMed/MEDLINE, Embase/Ovid, Scopus/Elsevier, Web of Science Core Collection/Clarivate Analytics, and The Cochrane Central Register of Controlled Trials (CENTRAL)/Wiley (The Cochrane Library, issue 2, 2018). The search strategy included synonyms of 6TG in title, author keywords or thesaurus, and the time frame 1998 to 2018, and was conferred with a health care librarian. The specific search strategies for each database are presented in [S2 Appendix](#pone.0212157.s002){ref-type="supplementary-material"}.

Additional manual searches included reference lists of included studies, conference proceedings from the American Society of Hematology (ASH), European Hematology Association (EHA), American College of Gastroenterology (ACG), European Crohn's and Colitis Organization (ECCO), American Association for the Study of Liver Diseases (AASLD), International Union of Basic & Clinical Pharmacology (IUPHAR), and European Association for Clinical Pharmacology and Therapeutics (EACPT). The ClinicalTrials.gov registry ([www.clinicaltrials.gov](http://www.clinicaltrials.gov/)), the International Standard Randomized Controlled Trial Number (ISRCTN) registry ([www.controlled-trials.com](http://www.controlled-trials.com/)), and the WHO International Clinical Trials Registry Platform (ICTRP) ([www.who.int/ictrp/search/en](http://www.who.int/ictrp/search/en)) were searched for research protocols, and PROSPERO was searched for on-going systematic reviews. We conducted the latest search on March 7, 2018.

Study selection {#sec010}
---------------

We imported the 3,377 records from the database search into the reference manager software EndNote (Clarivate Analytics, Boston, MA, USA), and made a gross removal of duplicates. We then used Covidence systematic review software (Veritas Health Innovation, Melbourne, Australia) to remove additional duplicates and conduct the screening. Two review authors independently screened titles and abstracts and subsequently evaluated eligible reports in full text. We recorded reasons for exclusion. The 134 included records were downloaded in full text and added to a shared group in the reference manager software Mendeley (Elsevier Inc, New York, NY, USA).

Data collection process {#sec011}
-----------------------

Two review authors independently extracted data from included studies in duplicate using a standardised extraction form in the software Excel Microsoft Office 2010 (Microsoft, Redmond, WA, USA), which was approved by all authors and pilot tested on ten reports. A third author checked data extraction. A simplified sheet was used for articles in Polish, Russian, and Chinese--with consultant help for data extraction. Extracted data items included authors and year of publication, study characteristics (design, blinding, setting, duration, inclusion and exclusion criteria, source of funding, conflict of interest, ethical approvals, key conclusions), patient characteristics (number of patients, age, sex, ethnicity, disease, comorbidity, concomitant therapy), details of the interventions (duration of 6TG, dose of 6TG, cumulative dose of 6TG, maximum dose of 6TG, route of administration, ery-TGN levels), comparator (comparator drug, duration of 6MP or other standard of care drug, dose of 6MP or other standard of care drug, cumulative dose of 6MP or other standard of care drug, maximum dose of 6MP or other drug, route of administration), follow-up, and outcomes as described below.

### Primary outcome {#sec012}

Incidence of any hepatotoxicity reported as SOS, veno-occlusive disease (VOD), NRH, discordant thrombocytopenia (transfusion-resistant and/or unexplained by treatment), drug-induced liver injury or non-specified hepatotoxicity. Due to the lack of standardised definitions of hepatotoxicity, authors of the included studies may not have used the above-mentioned terms. To assess additional hepatotoxicity we therefore report any pathological findings of liver biopsies and use the *Ponte di Legno* (PdL) toxicity working group consensus criteria for SOS, which entail fulfilment of at least three out of the following five criteria: (i) hyperbilirubinaemia; (ii) hepatomegaly; (iii) ascites; (iv) weight gain of 5% or more; (v) discordant thrombocytopenia.\[[@pone.0212157.ref021]\] Furthermore, we considered an increase in alanine transaminase, aspartate transaminase, alkaline phosphatase, conjugated bilirubin or total bilirubin of more than two times upper normal limit as evidence of hepatotoxicity. \[[@pone.0212157.ref022]\]

### Secondary outcomes {#sec013}

Diagnostic methods (number of patients who had a liver biopsy, indication for liver biopsy, other diagnostic methods, study conclusions about diagnostic methods); dose reduction or truncation of 6TG due to hepatotoxicity (how many patients had 6TG truncated or the dose reduced; doses before and after dose reduction).

Risk of bias of individual studies {#sec014}
----------------------------------

Two review authors independently evaluated risk of bias of the included reports using the Cochrane Collaboration tool for RCTs. \[[@pone.0212157.ref018]\] The study quality assessment tools of the National Heart, Lung, and Blood Institute of the National Institutes of Health (NIH) for quality assessment of Observational Cohort and Cross-Sectional Studies and Controlled Intervention Studies \[[@pone.0212157.ref023]\] were used to assess the risk of bias of observational studies. Case reports and case series that were in English and not a subset of a RCT or observational study were evaluated through the "Methodological quality and synthesis of case series and case reports" approach. \[[@pone.0212157.ref024]\] A graphic illustration of potential bias of RCTs was made using the Review Manager (RevMan \[Computer program\]. Version 5.3. Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014). Studies with low risk of bias were ascribed more weight in the overall findings of the review compared to studies with higher risk of bias.

Assessment of heterogeneity {#sec015}
---------------------------

We will visualise the findings of the included studies and heterogeneity between the studies in a figure. Meta-regression analyses were not performed.

Data synthesis {#sec016}
--------------

We present a systematic narrative synthesis of the characteristics and findings of the included studies, since the studies were too heterogeneous in terms of design and comparator in order to perform a quantitative data synthesis. We calculated doses in mg/m^2^ with the assumption that an average adult is 1.73 m^2^, and that 30 kg correspond to one m^2^. Data are presented as median (range) unless otherwise stated.

Meta-biases {#sec017}
-----------

We addressed publication bias by searching for and including grey literature, such as conference abstracts not published in journals or books. To address selective outcome bias, we compared outcomes between protocols and published reports. If protocols were unavailable, we compared outcomes reported in the methods and results sections. We did not quantitate the impact of meta-biases.

Confidence in cumulative evidence {#sec018}
---------------------------------

The Grading of Recommendations, Assessment, Development and Evaluation (GRADE) approach \[[@pone.0212157.ref025]\] was used to assess the confidence in cumulative evidence. Two review authors independently evaluated the quality of evidence in each of four domains: (1) study design, (2) study quality, (3) consistency, and (4) directness. The evidence on each outcome was graded as 'very low', 'low', 'moderate' or 'high'. Evidence based on RCTs was initially graded as high, whereas evidence based on observational studies was graded as low. If the studies had serious limitations, important inconsistencies, or uncertainty about the directness of evidence, the overall quality estimate was downgraded.

Results {#sec019}
=======

Study selection {#sec020}
---------------

A flow diagram of study selection is presented in [Fig 2](#pone.0212157.g002){ref-type="fig"}. The database and manual searches yielded 1823 unique records. Of these, we screened 395 in full-text for eligibility. Finally, 134 reports representing 42 studies were included in the review. Of these, four were RCTs \[[@pone.0212157.ref002],[@pone.0212157.ref003],[@pone.0212157.ref026],[@pone.0212157.ref027]\], 20 were observational studies \[[@pone.0212157.ref006],[@pone.0212157.ref027]--[@pone.0212157.ref045]\], and 18 were case reports \[[@pone.0212157.ref011],[@pone.0212157.ref046]--[@pone.0212157.ref062]\]. No similar reviews were found in the database search or on PROSPERO.

![PRISMA flow diagram of study selection.](pone.0212157.g002){#pone.0212157.g002}

Study characteristics {#sec021}
---------------------

Characteristics of the individual studies are presented in [S3 Appendix](#pone.0212157.s003){ref-type="supplementary-material"}.

Risk of bias within studies {#sec022}
---------------------------

Judgements of each risk of bias item for included RCTs are illustrated in [S4 Appendix](#pone.0212157.s004){ref-type="supplementary-material"}. None of the RCTs were blinded in respect to participants and personnel or outcome assessment. Risk of bias evaluations of observational studies are included in Table B in [S3 Appendix](#pone.0212157.s003){ref-type="supplementary-material"}. No serious bias was suspected, yet in most studies outcome assessors were not blinded to exposure status, and no studies used power calculations to justify sample size. Risk of bias evaluations of case reports and case series are included in Table C in [S3 Appendix](#pone.0212157.s003){ref-type="supplementary-material"}. The included case reports/series were generally well described with sufficient details, yet none examined a dose-response relationship or made a re-challenge with 6TG, which would have been preferable.

Meta-biases {#sec023}
-----------

Manual searches yielded additionally two reports eligible for inclusion in the review. Six conference abstracts without a published original article were found, but the authors did not respond to our enquiries. Risk of bias was not evaluated for conference abstracts without an associated article. Protocols were only available for two RCTs \[[@pone.0212157.ref002],[@pone.0212157.ref003]\] and one pharmacokinetic study, \[[@pone.0212157.ref035]\] in which no inconsistencies were found. Outcomes reported in the methods and results sections of the remaining reports were compared, and no serious inconsistencies were found.

Confidence in cumulative evidence {#sec024}
---------------------------------

All three outcomes were evaluated in RCTs, although the largest body of evidence came from observational studies. The overall quality of the primary outcome 'incidence of hepatotoxicity' was graded as moderate, and the first secondary outcome 'use of diagnostic methods' was graded as moderate, primarily because of inconsistencies in reporting. The overall quality of the second secondary outcome 'dose reduction or truncation of 6TG' was graded as high. The overall quality estimate was evaluated taking the following four elements into account 1) study design, 2) study quality, 3) consistency, 4) directness ([Table 1](#pone.0212157.t001){ref-type="table"}).

10.1371/journal.pone.0212157.t001

###### Overview of GRADE evaluation.

![](pone.0212157.t001){#pone.0212157.t001g}

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Outcomes                             Study design, n                  Study quality            Consistency                                                                           Directness                        Overall quality
  ------------------------------------ -------------------------------- ------------------------ ------------------------------------------------------------------------------------- --------------------------------- -----------------
  **Incidence of hepatotoxicity**      Randomised clinical trials, 4\   No serious limitations   Important inconsistency in the definition of hepatotoxicity and how it is described   No uncertainty about directness   Moderate
                                       Observational studies, 15                                                                                                                                                         

  **Diagnostic methods**               Randomised clinical trials, 2\   No serious limitations   Important inconsistency in the use of diagnostic modalities across studies            No uncertainty about directness   Moderate
                                       Observational studies, 8\                                                                                                                                                         
                                       Case reports, 5                                                                                                                                                                   

  **Reduction or truncation of 6TG**   Randomised clinical trials, 3\   No serious limitations   No serious inconsistency                                                              No uncertainty about directness   High
                                       Observational studies, 10\                                                                                                                                                        
                                       Case reports, 9                                                                                                                                                                   
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Results of individual studies {#sec025}
-----------------------------

[Fig 3](#pone.0212157.g003){ref-type="fig"} represents the incidence of SOS or NRH compared to 6TG dose in the included studies.

A detailed overview of the results of the individual studies is presented in [S3 Appendix](#pone.0212157.s003){ref-type="supplementary-material"}.

![Incidence of sinusoidal obstruction syndrome (SOS) or nodular regenerative hyperplasia (NRH) compared to 6-thioguanine (6TG) dose in the included studies.\
Studies with reported mean or median 6TG dose and incidence of hepatotoxicity defined as either SOS or NRH are depicted. Doses in mg/m^2^ were calculated with the assumption that an adult is 1.73 m^2^, and that 30 kg correspond to one m^2^. The dotted line refers to an incidence of 6%, corresponding to the suggested background incidence.](pone.0212157.g003){#pone.0212157.g003}

Synthesis of results {#sec026}
--------------------

We included data from a total of 42 studies, encompassing four RCTs including 3,993 patients, 20 observational studies including 796 patients, and 18 case reports including 60 patients.

In two of three RCTs on 6TG versus 6MP at doses 6TG of 40--60 mg/m^2^/day for maintenance treatment in childhood ALL, hepatotoxicity was reported in the form of SOS in up to 25% of patients in the 6TG-arm. \[[@pone.0212157.ref002],[@pone.0212157.ref003]\] The incidence of SOS was highest in the CCG-1952 trial, which used the highest target dose. Moreover, in this trial the incidence of SOS was reduced to 20% when the 6TG target dose was changed from 60 to 50 mg/m^2^. \[[@pone.0212157.ref003]\] Evidence of persisting hepatotoxicity including NRH and complications of portal hypertension were reported in 2.5% of patients receiving 6TG. No hepatotoxicity was reported during 6MP treatment. \[[@pone.0212157.ref002],[@pone.0212157.ref003]\] One of the RCTs on 6TG versus 6MP did not report SOS, but found evidence of hepatotoxicity by means of an increased risk of discordant thrombocytopenia during 6TG treatment. \[[@pone.0212157.ref026]\]

Starting doses of 6TG of approximately 23 mg/m^2^/day were used in five observational studies of adults with IBD, which were associated with elevated liver enzymes in 8--25% of patients and histological evidence of NRH in 14--23% of patients. Seven studies used a lower 6TG dose of approximately 12 mg/m^2^/day, and NRH was reported in 0--6% of patients. \[[@pone.0212157.ref044]\]

In regard to the included case reports, the 6TG dosage was higher in the ones that reported hepatotoxicity (14--125 mg/m^2^/day) \[[@pone.0212157.ref048]--[@pone.0212157.ref054],[@pone.0212157.ref056],[@pone.0212157.ref058]--[@pone.0212157.ref060],[@pone.0212157.ref063]\] compared to the ones that did not report hepatotoxicity (0.8--21 mg/m^2^/day). \[[@pone.0212157.ref042],[@pone.0212157.ref055],[@pone.0212157.ref057],[@pone.0212157.ref062]\]

Hepatotoxicity documented by blood samples, various imaging modalities, or liver biopsy was not persistently associated with higher ery-TGN levels. \[[@pone.0212157.ref031],[@pone.0212157.ref064],[@pone.0212157.ref065]\]

The included RCTs were generally well executed with low risk of bias, except in the areas of blinding participants and outcome assessment, which may lead to performance and detection bias. Risk of bias assessments in the included observational studies did not result in any suspicion of specific biases. Evaluation of risk of bias in case reports and case series did not give rise to concern for specific bias--bearing in mind that case reports and case series are always associated with an intrinsic risk of bias. The confidence in the cumulative estimate of the incidence of hepatotoxicity was graded as moderate, and the use of diagnostic methods as moderate, primarily because of the inconsistencies in reporting within these subjects. The confidence in the cumulative estimate of dose reduction or truncation of 6TG was graded as high.

Discussion {#sec027}
==========

The findings of the present systematic review indicate that 6TG-induced hepatotoxicity in the form of SOS or NRH is highly dose-dependent, and that it rarely occurs at daily doses of less than 12 mg/m^2^/day. Furthermore, 6TG-induced hepatotoxicity appears to be largely reversible, except at high doses exceeding 40 mg/m^2^/day.

The three RCTs of childhood ALL, the COALL-92 trial, the CCG-1952 trial, and the UK MRC ALL97/99 trial, respectively, have previously been included in a meta-analysis, which estimated the increase in SOS between treatment arms to be a factor 7.16 (OR, 95% CI 5.66--9.06). \[[@pone.0212157.ref012]\] SOS was highlighted as a dose-related toxicity with a multifactorial aetiology. No SOS was reported in the COALL-92 trial, albeit a high frequency of discordant thrombocytopenia, which may reflect a minor degree of hepatotoxicity. In that trial, vincristine and corticosteroids were not co-administered with 6TG--as was the case in the other two RCTs. \[[@pone.0212157.ref026]\] This difference in the co-medication has been proposed to be an explanation for the differing incidence of SOS between the three RCTs. \[[@pone.0212157.ref002]\]

A balance between activation and inactivation pathways, which are affected by genetic variations, determines the toxicity of thiopurines. The enzyme thiopurine methyltransferase (TPMT) inactivates 6MP by methylation. A heterozygous TPMT genotype (5--10%) in the Caucasian background population) \[[@pone.0212157.ref066]\] is associated with around 50% enzyme activity leading to increased intracellular concentrations of thioguanine nucleotides (compared to the TPMT wildtype genotype); thus entailing an increased risk of myelotoxicity with standard-dose thiopurine therapy. \[[@pone.0212157.ref067]\] It has been hypothesised that germline genetic variations in TPMT may be associated with an increased risk for 6TG-related SOS. However, 6TG is a much poorer substrate for TPMT compared to 6MP, so this is presumably of less influence. \[[@pone.0212157.ref068]\] NUDT15 is another gene in which genetic polymorphism may lead to a higher risk of myelotoxicity due to higher intracellular thioguanine nucleotide levels. \[[@pone.0212157.ref069]\] The frequency of TPMT mutations is lower in Chinese and Southwest Asian populations compared to Caucasians.\[[@pone.0212157.ref070]\] Conversely, NUDT15 polymorphisms are over-represented in Asians. \[[@pone.0212157.ref069]\] Since TPMT genotyping and/or phenotyping are now routinely performed before thiopurine administration in many centres, this limits the impact of ethnicity.

In 351 patients enrolled in the 6TG arm of the CCG-1952 trial, polymorphisms of TPMT were not associated with the risk of SOS. \[[@pone.0212157.ref046]\] The CCG-1952 trial did not report any association between age and SOS incidence. \[[@pone.0212157.ref003]\] In the UK MRC ALL97/99 trial, TPMT activity was lower in 95 children who developed SOS, mean TPMT acitivity 13.4 (range, 5.6--23) U/mL erythrocytes, compared to 161 control patients, mean 15.2 (range, 5.3--27) U/mL erythrocytes. \[[@pone.0212157.ref071]\] Although this difference was significant, the groups greatly overlap. There was no association between SOS and age or gender. \[[@pone.0212157.ref071]\] Although overall gender differences in hepatotoxicity did not appear in the UK MRC ALL97/99 trial, \[[@pone.0212157.ref002]\] a cohort of 99 consecutive children treated in one centre found male sex to be a risk factor for SOS. \[[@pone.0212157.ref072]\] This excess of male children may indicate gender differences in the metabolism of thioguanine, but may also be explained by the longer treatment duration for males in this protocol.

Overall, this review finds no clear evidence for an association between SOS risk and known genetic polymorphisms, sex, age, or ethnicity.

The theory that NRH is 6TG dose or ery-TGN level-dependent was first presented in 2005. \[[@pone.0212157.ref011]\] This is supported by a mouse model, in which SOS arose from high peak concentrations of 6TG, but did not occur with low daily doses of 6TG. \[[@pone.0212157.ref010]\] Most of the included studies did not find an association between ery-TGN-levels and hepatotoxicity, thus the findings do not support the use of ery-TGN for assessing the risk of 6TG-induced hepatotoxicity.

Several factors in the included observational studies investigating IBD may have led to an overestimation of hepatotoxicity. The risk of NRH development is associated with the use of immunosuppressive drugs often applied in IBD such as azathioprine, 6MP, ciclosporin, and steroids. \[[@pone.0212157.ref073]\] Thus, hepatotoxicity has been recognised in as many as 20% of IBD patients treated with azathioprine, 6MP, or methotrexate. \[[@pone.0212157.ref074]\] Azathioprine is the thiopurine most often associated with NRH, \[[@pone.0212157.ref075]\] and since most of the 6TG-treated IBD patients have received azathioprine previously, signs of NRH could have been present beforehand. As baseline liver biopsies prior to 6TG treatment were not obtained in any of the studies, some of the reported cases of NRH may likely have been triggered by other factors than 6TG. Furthermore, NRH or sinusoidal dilatation has previously been found in 6% and 34% of liver biopsies, respectively, from thiopurine-naïve IBD patients, \[[@pone.0212157.ref076]\] and the prevalence of NRH is probably as high as 5% in the background population, as suggested by autopsy studies of otherwise healthy individuals. \[[@pone.0212157.ref073],[@pone.0212157.ref077]\] Thus, the incidence of NRH around 6% in the studies using 6TG at doses of approximately 12 mg/m^2^/day may not differ notably from the background incidence. Additionally, selection bias arising from only taking a biopsy in patients with suspected hepatotoxicity is supposedly present in most of the studies included in this review. Only one study performed liver biopsies in all patients in the cohort, avoiding selection bias, and found NRH in 6% (N = 7). \[[@pone.0212157.ref044]\]

The patient populations of the observational IBD studies had all failed conventional immunosuppressive treatment because of clinical unresponsiveness or adverse events, and undergone substantial surgery. Thus, the results cannot be generalised to the broader group of IBD patients. Moreover, 6TG undergoes extensive first-pass metabolism in the intestines and the liver; yielding bioavailability between 5--37%. \[[@pone.0212157.ref030]\] How IBD per se affects absorption and pharmacokinetics of 6TG is unknown. \[[@pone.0212157.ref035]\] The true incidence of hepatotoxicity in IBD patients treated with 6TG therefore remains unknown. However, a consensus paper by the European 6TG working party from 2006 recommends that 6TG can be used in a clinical research setting, in doses not exceeding 25 mg/day, corresponding to 14 mg/m^2^/day, which is considered a safe dose. \[[@pone.0212157.ref078]\] This is supported by the results of this systematic review.

While liver biopsy with reticulin stain remains the gold standard for diagnosis of hepatotoxicity, \[[@pone.0212157.ref075]\] non-invasive techniques such as magnetic resonance imaging/angiography (MRI/MRA) and Doppler ultrasound examination are frequently used as screening tools. A study comparing MRI to liver biopsy results found a sensitivity of 77% and a specificity of 72% in detecting NRH. \[[@pone.0212157.ref079]\] Furthermore, MRI is useful for detection of NRH-associated complications, including splenomegaly or ascites. \[[@pone.0212157.ref079]\] The European 6TG working party suggests screening by complete blood count, alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, gamma-glutamyl transferase, bilirubin, and C-reactive protein at baseline as well as one, two, four, eight, and 12 weeks followed by 3-month intervals. \[[@pone.0212157.ref078]\] When using low-dose 6TG, a liver biopsy is no longer routine practice but is reserved for patients with symptoms of portal hypertension or persisting liver test abnormalities. \[[@pone.0212157.ref044]\]

Determination of hepatic venous pressure gradient (HVPG) may be useful in the evaluation of the risk of complications, since varices only develop, when HVPG exceeds 10 mmHg. However, being an invasive technique it is rarely used. \[[@pone.0212157.ref032]\] The features of hepatotoxicity that have the highest sensitivity include discordant thrombocytopenia and splenomegaly. The latter is easily detected by clinical and ultrasound examinations. \[[@pone.0212157.ref080]\]

NRH is asymptomatic in most cases; leading to laboratory abnormalities without clinical signs, or is complicated by portal hypertension. \[[@pone.0212157.ref081]\] In a study evaluating 1,886 liver transplant patients, NRH was the reason for transplant in less than 1% of the cases. \[[@pone.0212157.ref082]\] In the studies included in this review, two patients required liver transplantation. \[[@pone.0212157.ref002],[@pone.0212157.ref003]\] This indicates that NRH rarely leads to hepatic failure.

The present review emphasises the need for international standardised definitions of 6TG-related hepatotoxicity, clinical trials evaluating the use of non-invasive diagnostic methods in regard to detection of hepatotoxicity, and studies investigating the underlying mechanisms of 6TG-related hepatotoxicity. The included RCTs solely evaluated high doses of 6TG; hence, RCTs on low-dose 6TG are warranted. A RCT evaluating very low and individually titrated doses of 6TG (2.5--12.5 mg/m2/day) with concurrent conventional 6MP/methotrexate maintenance therapy in childhood ALL is currently being undertaken (ClinicalTrials.gov identifier:NCT02912676).

Limitations {#sec028}
-----------

We included only patient populations with IBD and childhood ALL, which are the two largest groups of patients treated with 6TG. Generalisation in respect to 6TG-related hepatotoxicity of these two distinct populations must be interpreted with caution. A few separate reports exist of 6TG treatment in coeliac disease, psoriasis, autoimmune hepatitis, pilocytic astrocytoma, vertebral chloroma, and collagenous sprue. Furthermore, 6TG is used in the treatment of acute myeloid leukaemia as well as in intensive combination chemotherapy phases of many ALL protocols. These studies were not included because of short duration of 6TG administration and the extensive concomitant therapy with hepatotoxic drugs. Moreover, we found inconsistencies in the definitions of hepatotoxicity as well as in the diagnostic modalities across the included studies, which may limit the comparability between the studies. Finally, all studies investigating 6TG treatment in the IBD population were observational, without control groups, which entail higher risk of bias, particularly publication bias and confounding bias. However, observational studies are valuable for the description of rare adverse events, and provide a large body of evidence in the present review.

Conclusions {#sec029}
===========

Acute and severe hepatotoxicity occur in up to 25% of patients, when using 6TG doses of 40 mg/m^2^/day or higher in studies on 6TG for adult IBD and childhood ALL. 6TG-related hepatotoxicity persists in the form of NRH in 3% of the patients. However, the use of 6TG doses of approximately 12 mg/m^2^/day or less leads to hepatotoxicity in only 6% of the adult patients, corresponding to the incidence in the background population. Chronic hepatotoxicity in the form of portal hypertension has not been observed when using 6TG doses less than 40 mg/m^2^/day. Thus, 6TG doses below 12 /m^2^/day can be considered safe.
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